Animals use auditory cues generated by defensive responses of others to detect 16 impending danger. Here we identify a neural circuit in rats involved in the 17 detection of one such auditory cue, the cessation of movement-evoked sound 18 resulting from freezing. This circuit comprises the dorsal sub-nucleus of the 19 medial geniculate body (MGD) and downstream areas, the ventral area of the 20 auditory cortex (VA) and the lateral amygdala (LA). This study suggests a role for 21 the auditory offset pathway in processing a natural sound cue of threat. 22 23 595
INTRODUCTION 24
The use of auditory alarm cues from conspecifics is widespread across the 25 animal kingdom [1] [2] [3] [4] . Most research has focused on actively emitted signals, such 26 as alarm calls and foot stamping 1,3 . However, auditory cues generated by 27 movement patterns of prey can play a crucial role in predator-prey interactions. 28
While it is well known that predators use motion cues produced by moving prey 29 for their detection [5] [6] [7] [8] , less is known about the ability of prey to use these motion 30 cues to detect impending danger. Nevertheless, it has been established that 31 crested pigeons use distinct wing whistles produced by conspecific escape 32 flights 2 and rats use silence resulting from freezing, as alarm cues 4 . Recently, it 33 has also been suggested that seismic waves produced by fast running in 34 elephants promote vigilance in conspecifics 9 . 35
36
The neuronal pathways underlying defensive responses triggered by sounds 37 have been extensively studied using classical conditioning to pure tones, sweeps 38 or white noise 10 . However, little is known about the mechanisms by which 39 natural sounds, that most likely shaped the auditory system through evolution, 40 trigger defensive responses 11, 12 . Previously, we found that rats use freezing by 41 others as a cue of danger. Importantly, the cessation of the movement-evoked 42 sound resulting from the onset of freezing was the alarm cue. In playback 43 experiments, this cue was sufficient to trigger freezing in rats 4 . Hence, in the 44 present study, we probed the neuronal circuits involved in the processing of 45 natural sound cues of threat by testing the response of rats to the transition from 46 movement-evoked sound to silence. 47 48 RESULTS 49
First, we exposed individual rats to unsignaled footshocks, as prior studies found 50 that rats previously exposed to shock but not naïve ones respond to the distress 51 of others 4, 13 . The following day we tested their freezing response to the cessation 52 of movement-evoked sound (Silence test) ( Fig. 1a ). During the test, rats were 53 placed in a box and allowed to explore for three minutes during which a speaker 54 played the recorded sound of another rat moving 4 (see Methods). After this 55 baseline period the sound ceased for one minute (silence period). We started by 56 looking at the role of the lateral nucleus of the amygdala (LA), broadly implicated 57 in freezing driven by learned aversive sounds 10 . To this end we optogenetically 58 inactivated the LA using ArchT, a genetically encoded proton pump that 59 hyperpolarizes neurons upon illumination with green light 14 . Importantly, the 60 inactivation started 10 seconds before the onset of silence to encompass the 61 transition from the movement-evoked sound to silence ( Fig. 1c and Methods). In 62 this experiment we used three groups: ArchT+light where neuronal activity is 63 manipulated; and 2 control groups, Control light and Control ArchT, where 64 neurons were undisturbed (see Methods). Since there was no significant 65 difference in freezing between the two control groups ( Supplementary Fig. 1b ) 66 we combined them into a single Control group. During the Silence test we found 67 virtually no freezing during the baseline period in both ArchT+light and Control 68 animals. Silence onset led to a robust increase in freezing in the Control group 69 while in the ArchT+light there were minimal changes in rats freezing behaviour 70 ( Fig. 1c and 1d and Supplementary Figure 1c, 1d and 1e ). This result shows that 71 activity in the LA is necessary for the display of freezing triggered by the 72 transition from movement-evoked sound to silence. 73
74
The LA receives auditory information through a direct pathway originating in 75 several sub-nuclei of the medial geniculate body (MGB) of the auditory 76 thalamus 15 . These same MGB sub-nuclei are also the origin of a indirect pathway 77 that involves connections through the auditory cortex as well as other cortical 78 regions 10,15,16 . To study the auditory pathways that convey information about the 79 cessation of movement-evoked sound to the LA, we started by asking which of 80 MGB's sub-nuclei projecting to LA both directly and indirectly respond to the 81 cessation of movement-evoked sound ( Fig. 2a ). To this end, we quantified the 82 expression of the neural activity marker c-fos in 2 groups of animals -one 83 exposed to continuous playback of sound and another exposed to the same 84 sound but with 2 periods of silence (see Methods). As expected, we found that 85 rats in the silence group increased freezing during the two one-minute silence 86 period relative to the preceding minute (median change in freezing = 40.27%). 87
No increase was observed when comparing the same time periods for rats in the 88 continuous sound group (median change in freezing = -1.53%; Wilcoxon Rank 89
Sum test comparing median change in freezing of silence and continuous sound 90 groups, p = 0.0303, ranksum = 53.5). The quantitative analysis of c-fos 91 expression revealed that exposure to silent periods significantly increased the 92 number of c-fos positive cells in the dorsal division of the MGB (MGD) in 93 comparison to continuous sound exposure ( Fig. 2b ). In addition, we found that 94 the number of c-fos positive cells increased from anterior to posterior regions of 95 the MGD (Fig. 2d ). Interestingly, prior electrophysiology studies in anaesthetised 96 rodents showed a higher prevalence of sound offset responses in the MGD 97 relative to other sub-nuclei of the auditory thalamus 17 and higher number of 98 offset cells in the caudal part of MGD 18 . Together, these findings suggest that the 99 cessation of the movement-evoked sound triggers sound offset responses in the 100 MGD, which can then drive LA neurons either directly or indirectly. 101 102 Next, we tested whether MGD activity is required for silence-triggered freezing 103 by optogenetically inactivating this area ( Fig. 3a ). We found that freezing was 104 greatly reduced upon MGD inactivation relative to controls ( Fig. 3d and 3e and 105
Supplementary Figure 2c , 3d and 3e). Several studies addressed the anatomical 106 and physiological properties of the MGD 15,17-19 . However, to our knowledge, the 107 contribution of this sub-nucleus to behaviour remained untested. Therefore, we 108 asked whether the MGD is required for freezing in response to a conditioned 109 tone, as are other MGB sub-nuclei that project to LA 20 . To this end, we 110 conditioned the same rats used in the previous experiment with three tone-111 shock pairings. The following day we tested their response to the conditioned 112 tone while optogenetically inhibiting the MGD (Fig. 3a ). Inactivation of the MGD 113 did not affect the expression of freezing triggered by the conditioned pure tone 114 ( Fig. 3e ). These results show that activity in the MGD is necessary for the display 115 of freezing triggered by the transition from movement-evoked sound to silence 116 but not that triggered by a conditioned pure tone. In line with physiological data, 117 this indicates that the MGD may be preferentially recruited to process the offset 118 of sound 17, 18 . 119
120
The MGD sends direct projections to the LA 15 but also projects to discrete areas 121 in the cortex that through polysynaptic connections can convey information to 122 the LA. To test if auditory processing areas downstream of the MGD are 123 necessary for the response to the cessation of the movement-evoked sound, we 124 focused on the two regions in the temporal cortex to which MGD axons project to 125 -posterodorsal (PD) and ventral area (VA) 19,21 . We inactivated PD or VA using a 126 pharmacological approach ( Supplementary Fig. 3a and 3b ). Briefly, rats with 127 bilateral cannulas targeting PD or VA received a microinjection of the GABA 128 agonist muscimol, just prior to the silence test (see Methods). At the end of the 129 experiment animals received an injection of the retrograde tracer cholera toxin B 130 (CTB), which allowed confirmation that the inactivated cortical region received 131 input from MGD ( Fig. 4c and 4f ). Inactivation of PD with muscimol did not 132 significantly decrease freezing triggered by silence in comparison with control 133 rats ( Fig. 4a and b ). Inactivating VA, however, strongly impaired freezing during 134 the silence period ( Fig. 4d and 4e ). These results show that activity in VA, but not 135 PD, is necessary for freezing triggered by the cessation of movement-evoked 136 sound. 137 138 DISCUSSION 139
Together, our results suggest that the MGD, VA and LA form a network important 140 for processing the transition from movement-generated sound to silence. 141
Freezing triggered by the cessation of movement sound is likely to rely on cells 142 with sound offset responses, although further experiments are necessary to 143 confirm this hypothesis. Reports demonstrating the presence of sound-offset 144 neurons in the MGD and their output regions in the auditory cortex 17,18,22-24 145 support our proposed network. Indeed, a growing body of work has identified 146 neurons with sound-offset responses throughout the auditory system. These 147 reports suggest the existence of an "offset pathway" thought to be of major 148 importance in processing speech, sound localization and movement detection 25 . 149
Importantly, in most of these studies the offset responses are transient, lasting a 150 fraction of a second, while in our study freezing lasts for several seconds. One 151 possibility is that cells with offset responses act as a trigger and downstream 152 targets drive the long-lasting defensive responses. Alternatively, prior exposure 153 to shock, a necessary condition for rats to freeze upon silence onset, may lead to 154 plastic changes that mediate a change from transient to sustained sound offset 155 responses in any of the identified brain regions. Although we identified two 156 input stations to the LA, there are multiple scenarios by which information may 157 flow in this circuit. One scenario is that of a feed forward circuit whereby MGD 158 drives VA, which in turn activates LA. This activation is probably indirect since 159 evidence for direct projections from the VA to the amygdala is lacking 26 (but see 160 16 ). Alternatively, feedback loops within the identified circuit may contribute to For the retrograde tracing of auditory thalamus projections to this regions (used 248 to confirm that the area that was inactivated indeed received input from the 249 MGD) we took advantage of the already implanted guide cannulas, and posterior 250 to the test day, CT-B Alexa 555 (0,2 µL) was bilaterally injected in half of the 251 experimental animals following the same protocol as the one used to inject the 252 viral vector. Animals were sacrificed 6 days after this procedure to allow 253 sufficient transport of the tracer. 254
All injection sites and fibber placements were verified histologically and rats 255 were excluded if either were not on the correct place. 256 257
Behavioural Apparatus 258
Four distinct environments were used in this study -Conditioning box, Test 259 All rats were pre-exposed to the different boxes prior to the beginning of the 282 experiments. To test the role of auditory motion cues, the previously recorded 283 movement-evoked sound (see 4 ) was played during exposure to the Test box -284 silence test, and during the Silence Test. 285
box -silence test, Tone conditioning box and Test box -tone test.

286
Optogenetic experiments 287
For the Silence test experiments, rats were trained and tested as previously 288 To test the role of the MGD in recall after tone conditioning, the same animals 297 that were tested to the silence were exposed to the Tone conditioning box and 298
Test box -tone test during the following four days of experiment. On the fifth 299 day, after a 5-minute baseline animals received 3 tone-shock pairings (5Khz 300 tone, 70dB, 15sec co terminating with1mA shock, 0.5sec). Animals were tested 301 to the sound the day after in the Test box -tone test, where animals were 302 exposed to 3 tone presentation, (5Khz tone, 70dB, 15sec). Laser illumination was 303 identical to the one used in LA experiments. 304 305 c-fos experiments 306
Experiments followed a modified protocol of the Silence test experiments 307 (described above), in which the test session lasted for 9 minutes. In these 308 experiments, animals in the silence group were exposed to two periods of silence 309
with the duration of one minute each (and with a period of 3 minutes 310 separation) while for the control group (continuous sound) the recorded sound 311 of movement was played throughout the entire test session. 312
313
Muscimol experiments 314
Experiments followed the same protocol as the Silence Test Experiments, 315 however in the test day animals were injected with 0,2µl muscimol (0,5µg/µl 316 concentration at 0,1µl/min rate) in either the VA or PD. The injections were 317 performed with the help of an injection cannula, attached to a Hamilton syringe 318 controlled by an automatic pump (PHD 2000; Harvard Apparatus). Animals were 319 left undisturbed for 1h30min, period after which they were tested. 320 to Bregma) and/or the MGB of the auditory thalamus (5.60mm to 6.50mm 330 posterior to Bregma), were cut and mounted. 331
Mounted slices were rehydrated for 10 minutes with PBS and 500 µl of a 1:1000 332 diluted 4', 6-diamidino-2-phenylindole (DAPI) solution (D9542, Sigma-Aldrich) 333 was applied to each slide and incubated for 20 minutes in a shaker (10rpm). 
Analysis of Behavioural Data 379
Animals freezing behaviour during the Silence test was automatically scored 380 using FreezeScan from Clever Sys. Baseline freezing levels were calculated using 381 the median % of freezing during the 60s preceding the onset of silence. To avoid 382 confounding factors such as freezing triggered by other cues that not the onset of 383 silence, animals were considered outliers and thus excluded if their baseline 384 freezing was higher than the 3 rd quart + 1.5 (3 rd quartile -1 st quartile) baseline 385 freezing of the population used in each experiment (LA, MGD, VA and PD 386 experiments were considered separately). Due to the noise generated by the 387 shutter used in the optogenetics experiments, animals that were freezing more 388 than 50% in the 10sec period between the opening of the shutter and silence 389 onset were also excluded. 390 391
Statistical Analysis 392
For data analysis of the behavioural experiments we focused on the % of freezing 393 during the silence gaps (that lasted one minute) and used as baseline the minute 394 immediately preceding the silence interval. In this manner we ensure that both 395 measures have the same sampling time. 396
A Shapiro-Wilk test was used to access the normality of our data. The 397 behavioural data was in general not normally distributed and sample sizes were 398 small, so we used non-parametric tests only. 399
For comparisons between groups (when comparing the change in freezing 400 between baseline and silence periods) we used a Wilcoxon-Mann-Whitney test. 401
For comparisons within group (comparing % of freezing during baseline and 402 silence) we conducted a Wilcoxon signed-ranked test. For the c-fos behavioural 403 data we averaged the percentage of freezing during the two periods of one 404 minute preceding the silence inserts and the two periods of silence. For 405 comparisons within the group (silence or continuous sound) we conducted a 406
Wilcoxon signed-ranked test. For comparisons between groups of the c-fos 407 labelled cells our data was not normally distributed and therefore we used a 408
Mann-Whitney test. For analysing the effect of position along the AP axis and 409 exposure to silence in the expression of c-fos we conducted a two-way ANOVA 410 for unbalanced design given that our data was normally distributed. Statistical 411 analysis was performed using MATLab. 412
413
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